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Abstract: In this work, sulfated and phosphated metal oxides were studied as catalysts for the
Diels-Alder cycloaddition of biomass-derived 2,5-dimethylfuran (DMF) and ethylene to understand
the effect of acid strength on the reaction. Four catalysts with varied acidity, namely sulfated SiO,,
sulfated TiO,, phosphated SiO,, and phosphated TiO,, were prepared via wet impregnation using
sulfuric acid and phosphoric acid as precursors, and their structural and acid properties were
examined using X-ray diffraction, Brunauer-Emmett-Teller analysis, Fourier transform infrared
spectroscopy, solid state 3!P magic angle spinning nuclear magnetic resonance spectroscopy, and
temperature programmed desorption of ammonia. The results revealed that the acidity of the
catalysts was largely influenced by the type of the acid functional group and the support as well as
the calcination temperature. The conversion of DMF and the selectivity toward p-Xylene (PX) were
generally correlated with the total acid site density and the acid—-metal oxide interaction strength,
which in turn affected the acid strength. Overall, phosphated SiO; and TiO, calcined at 773 K were
identified as the most active and selective catalysts, exhibiting a high PX selectivity of over 70% and
DMF conversion of 80% at 523 K after 6 h. The origin of the stability of the highly active phosphated
catalysts was also investigated in detail.
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1. Introduction

The global production of chemicals largely relies on fossil fuels such as coal, natural
gas, and petroleum, and the ever-increasing use of these chemicals accelerates the emission
of greenhouse gases such as CO; and air pollutants such as NOx and SOx. In this regard,
lignocellulosic biomass has attracted significant attention as an alternative carbon source
to fossil fuels owing to its carbon neutrality and low pollutant content [1]. Among the
various petroleum-derived chemicals, aromatic chemicals such as benzene, toluene, and
xylene (BTX) are the most widely used chemical feedstocks for the synthesis of a range of
polymers including polystyrene, polyurethane, and polyethylene terephthalate [2]. Thus,
the development of catalytic reactions for the conversion of biomass to BTX chemicals is
of particular importance. The Diels-Alder cycloaddition of biomass-derived furans and
ethylene is the most atom-efficient route for the production of BTX from biomass [3]. The
chemistry of this reaction was first proposed by Timothy A. Brandvold (in UOP) using
2,5-dimethylfuran (DMF) as a reactant for the synthesis of p-Xylene (PX) [4]. Using various
solid acid catalysts, such as zeolites and activated carbon, a decent yield of PX (>50%) was
obtained. The DMF could be easily produced from solid biomass using an existing and well-
established process: the solid biomass is first hydrolyzed into a C6 sugar, such as glucose,
which is then converted into 2,5-hydroxymethylfurfural (HMF) through dehydration; the
HMF is finally converted into DMF via hydrogenolysis in the presence of copper-based
catalysts [5]. Therefore, this cycloaddition chemistry of DMF could be utilized for the
production of renewable PX [6]. Later, cycloaddition chemistry was successfully extended
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to other C4-C5 furanic compounds such as 2-methylfuran and furan for the synthesis of
toluene and benzene, demonstrating that the complete production of BTX chemicals from
biomass is possible [7,8].

The Diels—Alder conversion of DMF and ethylene to PX proceeds via a two-step
process and is catalyzed by Brdnsted and Lewis acid catalysts, as shown in Figure 1 [9].
The first step is the formation of a thermally stable oxanorbornene cycloadduct through
Diels—Alder cycloaddition. Lewis acids can catalyze this step, whereas Br@nsted acids do
not exhibit any catalytic effect on this step. The second step is the dehydrative aromatization
of the cycloadduct intermediate to produce PX. This step cannot proceed in the absence
of a catalyst. Both Lewis and Br@nsted acids are suitable for catalyzing the dehydrative
aromatization. However, density functional theory calculations have shown that Br@nsted
acids are significantly more effective for the dehydration than Lewis acids [10]. In addition
to PX formation, diverse side reactions can occur. These side reactions include (1) hydrolysis
of DMF to 2,5-hexanedione (HDO), (2) isomerization of the DMF/ethylene cycloadduct to
dimethylcyclohexenone, and (3) alkylation of PX with ethylene [11,12]. Thus, achieving the
selectivity toward PX over other side products is the key for obtaining high yields of PX.
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Figure 1. Overall schematic diagram of Diels—Alder reaction of DMF and ethylene.

To date, a wide range of solid acid catalysts have been investigated for the Diels—
Alder conversion of DMF to PX, with the goal of obtaining high PX production rate and
selectivity [2,6,9,13-19]. Williams et al. reported that a high PX selectivity (~75%) is
achieved over H-Y zeolites when a hydrophobic solvent, such as n-heptane, is used [8].
Later, Chang et al. reported that the selectivity to PX could be increased to 90% using
H-Beta zeolite in heptane [2]. In addition to zeolites, tungstated zirconia (WOx-ZrO,)
exhibited a higher turnover rate for PX production, even higher than that in the presence
of H-Y zeolites, with a high PX selectivity of ~80% [6]. Later, Wijaya et al. showed
that heteropolytungstates, such as HSiW and HPW, supported on silica are highly active
catalysts for PX production and exhibit turnover rates greater than six times those in the
presence of conventional zeolites such as H-Beta (407.8 h~—! vs. 60.0 h—!) [13]. Overall, the
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general conclusion of these studies is that the presence of strong Bridnsted acid sites is the
key for enhancing the formation rate of PX and that the second step, i.e., dehydration of
the cycloadduct, is the rate-determining step of the overall reaction. Thus, the strength of
the Br@nsted acid sites is correlated to the turnover rate for PX production.

In addition to achieving high activity, ensuring the catalyst durability is a major
concern in the Diels—Alder conversion of DMF to PX. It has been shown that catalysts
with strong Brdnsted acid sites, such as zeolites and heteropolytungstates, are deactivated
significantly after repeated reaction cycles in a batch reactor as well as in a continuous
flow reactor [13]. The catalyst deactivation mainly occurs owing to carbon deposits on the
catalyst surface, which result from the oligomerization of reaction intermediates such as
HDO. Although highly crystalline catalysts, such as zeolites, can be reused after removing
coke through high-temperature calcination, it is desirable to increase the catalyst durability
to the maximum possible extent to reduce the processing cost. Because strong Br@nsted
acids likely accelerate the formation of undesirable carbon deposits as well as the desired
PX, the acid strength of the catalyst should be carefully tuned to achieve a balance between
the catalyst activity and durability. In this regard, the effect of Brdnsted acid strength on
the Diels—Alder reaction selectivity and stability using the catalysts with carefully tuned
Br@nsted acid strength would be worth investigating for designing more robust catalysts.
However, to the best of our knowledge, no such studies have been conducted yet.

Sulfuric acid and phosphoric acid, which are inorganic liquid acids, are representative
strong and weak acid catalysts, respectively. Although these are homogeneous acid cata-
lysts, these can be easily heterogenized after immobilization onto a metal oxide support.
It was reported that liquid acids anchored to the metal oxide supports retain their acid
strength and that the support type can subtly impact the acid strength because of the varied
acid molecule-support interaction [11]. Therefore, these can be good model catalysts for
understanding the influence of acid strength. In a few studies, liquid acid-anchored metal
oxides have been used as catalysts for the Diels-Alder conversion of DMF to PX [11,18,19].
Cho et al. reported the conversion of DMF to PX, with a product yield exceeding 90%,
using phosphoric acid-anchored siliceous beta zeolites [18]. Feng et al. reported a high PX
selectivity of >80% using mesoporous silica anchored with sulfonic acid [11].

In this study, the activity and stability of sulfated and phosphated catalysts for the
Diels—Alder conversion of DMF to PX were comprehensively investigated for the first time
to elucidate the role of acid strength in the reaction. Four different catalysts with varying
acidity, namely sulfated SiO,, sulfated TiO,, phosphated SiO;, and phosphated TiO,, were
prepared via wet impregnation using sulfuric acid and phosphoric acid as precursors,
and their structural and acid properties were examined using X-ray diffraction (XRD),
Brunauer-Emmett-Teller (BET) analysis, Fourier transform infrared (FT-IR) spectroscopy,
solid state 3P magic-angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy,
and temperature programmed desorption of ammonia. The acidity-activity correlation
and the stability of the liquid acid-anchored catalysts were then investigated in detail.

2. Results and Discussion
2.1. Catalyst Characterization

XRD patterns of the sulfated and phosphated catalysts are shown in Figure 2. The
parent silica and titania support are also included in the figure. All the silica-based catalysts
exhibited a broad diffraction peak at 20 = 22.8°, corresponding to that for amorphous
silica. For the titania-based catalysts, the diffraction peaks at 20 = 25.2 and 38.0° could be
assigned to the anatase structure (JCPDS card no. 21-1272), whereas that at 26 = 28.0° could
be assigned to the rutile structure (JCPDS card no. 21-1276). This indicated that the titania
support has a mixed crystal structure. Both the silica and titania catalysts did not show any
diffraction peaks corresponding to the sulfate and phosphate framework structure.
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Figure 2. XRD patterns of (a) silica-based catalysts and (b) titania-based catalysts.

The N, adsorption/desorption isotherms of the sulfated and phosphated catalysts are
shown in Figure S1. All the catalysts exhibited a type IV isotherm with a hysteresis loop in
a relative pressure (P/P%) range of 0.9-1.0. The BET surface area and the total pore volume
and micropore volume of the catalysts were also calculated and are listed in Table 1. When
the neat support was treated with sulfuric acid and phosphoric acid, the surface area and
pore volume generally decreased, probably owing to the pore blockage induced by the
acid functionalities attached to the oxide surface. The decreases in surface area and pore
volume were more significant in the phosphated catalysts than in the sulfated catalysts.
The calcination temperature also influenced the surface area of the catalysts. SiP 500 and
TiP 500 had lower pore volumes and lower surface areas than those of SiP 300 and TiP 300,
suggesting that a higher calcination temperature led to a greater reduction in the catalyst
surface area.

Table 1. Physical properties of sulfated and phosphated catalysts.

Catalyst  Spgr (m?/g) Viotal (€m3/g)  Viicro (cm®/g)  Total NH; Desorbed (mmol/g)
SiO, 175 1.45 0.27 -

SiP 300 128 0.70 0.13 0.676

SiP 500 75 0.53 0.16 0.424

SiS 500 44 0.46 0.19 -
TiO, 36 0.58 0.38 -

TiP 300 31 0.56 0.18 0.432

TiP 500 27 0.45 0.11 0.934

TiS 500 47 0.54 0.21 -

The chemical states of the acid molecules anchored onto the support were determined
via solid state NMR spectroscopy and FT-IR spectroscopy. Figure 3 shows the 3'P MAS
NMR spectra of the phosphated silica and titania catalysts. SiP 300 and SiP 500 exhib-
ited distinct peaks at —0.44 and —0.2 ppm, along with very weak peaks at —11.19 and
—11.13 ppm, respectively (Figure 3a). The peaks at —0.44 and —0.2 ppm correspond to neat
H3PO4, which is not chemically bound to the surface [20,21], whereas that at —11 ppm can
be assigned to pyrophosphate (H3P,0O7), which is chemically bound to the silica matrix [21].
This result suggests that phosphoric acid is not chemically bound to the silica surface effec-
tively and exists mainly as a separated active site in the catalyst. The peak intensity of SiP
500 at —0.2 ppm was considerably lower than that of SiP 300 at —0.44 ppm, indicating that
a higher calcination temperature decreased the concentration of H3POy4 on the silica surface
owing to its loss through decomposition. The NMR spectra of the TiP 300 and TiP 500
catalysts are also shown in Figure 3b. Various peaks were observed for these catalysts,
unlike the phosphated silica catalysts. TiP 300 exhibited four peaks at 0.6, —4.6, —10.3, and
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—17.6 ppm. The peak at 0.6 ppm corresponds to unbound H3POy [21]. According to a
previous study on titanium phosphate, the peak at —4.6 ppm can be assigned to the HyPOy4
group bound to TiO; as the layered structure, whereas the peaks at —10.3 and —17.6 ppm
can be assigned to the HPO, groups bound to TiO; as the framework structure, e.g., «-TiP
and y-TiP [22,23]. The appearance of intense peaks in a lower downfield indicated that
H3POy is more strongly bound to the TiO, support than to the SiO, support. However,
we cannot rule out the possibility that the peaks at —10.3 and —17.6 ppm originate from
unbound pyrophosphate and polyphosphate. Upon increasing the calcination temperature
of TiP to 500 °C, the NMR peak distribution slightly changed, with three peaks appearing at
—0.02, —5.6, and —11.3 ppm. Compared to the peak intensity of TiP 300, the peak intensity
of the unbound H3PO, decreased, whereas that of the chemically bound H3POj increased,
suggesting that a higher calcination temperature leads to enhanced coordination of H3POy4
with TiO;. Notably, the absolute peak intensity of the TiP catalysts is fairly low, indicating
that the amount of bound H3POy is small.

—— SiP 300 ——TiP 300
- SiP 500 (b) - TiP 500

T
-10 -15 -20 5 0 -5 -10 -15 -20

5 (ppm) 5 (ppm)

Figure 3. 31p MAS NMR spectra of the phosphated (a) silica and (b) titania catalysts.

The chemical state of sulfuric acid attached to the oxide support was analyzed using
FT-IR spectroscopy, and the results are presented in Figures S3 and 5S4 for the silica- and
titania-based catalysts, respectively. In Figure S3, the infrared (IR) bands in the region from
900 to 1200 cm ™! correspond to Si-OH and Si-O-Si stretching vibrations, whereas the IR
band around 800 cm~! corresponds to the Si-O bending vibration [24-26]. The IR band
for Si0,-SO3H appears around 1170 cm !, which is related to the Si-O-SO3H stretching
vibration [26]. Thus, the IR band of the sulfonic acid group overlaps with the Si-O-5i
stretching vibration band, and hence, the presence of the sulfonic acid groups grafted onto
silica cannot be confirmed using IR spectroscopy. In the case of the titania-based catalysts,
broad and intense IR bands in the region from 500 to 800 cm ! were observed, as shown in
Figure S4. This is a characteristic feature of TiO, samples with mixed rutile and anatase
structures [27]. Compared to the neat TiO, support, sulfated TiO, samples showed an
additional small IR band at 1140 cm ! related to the S=O stretching vibration, suggesting
the presence of the sulfonic acid group on the TiO, support [28]. The additional IR bands
at 1620 and 3300 cm ™! for the sulfated TiO, samples arise owing to the H-O-H bending
and OH stretching vibrations of the water adsorbed onto TiO, [27,28].

To further confirm the presence of the sulfonic acid groups on the SiO, and TiO,
supports, the sulfated catalysts were subjected to elemental analysis. As shown in Table 2,
the sulfur content in the sulfated silica samples, SiS 300 and SiS 500, was remarkably
low (<0.02 wt. %), indicating almost no sulfation of silica. Compared to sulfated silica,
the sulfur content in sulfated titania was nearly 20-fold higher (>0.34 wt. %), suggesting
that sulfation of TiO, was more effective than that of SiO,. The sulfur content of TiS 300
(0.53 wt. %) was higher than that of TiS 500 (0.34 wt. %). The lower sulfur content of
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the latter can be attributed to the decomposition of the sulfonic acid group at a higher
calcination temperature. Overall, the elemental analysis clearly demonstrated the presence
of varying amounts of sulfur species on the sulfated catalysts.

Table 2. Elemental analysis of sulfated catalysts.

Mass Fraction (%)

Catalyst
C H N S
SiS 300 0.17 0.23 0.03 0.02
5iS 500 0.14 0 0.07 0
TiS 300 0.18 0.19 0 0.53
TiS 500 0.19 0.19 0 0.34

The acid properties of the sulfated and phosphated oxide catalysts were also examined
via NH;3-TPD. Figure 4 shows the TPD profiles of the silica- and titania-based catalysts,
and the calculated acid site densities are listed in Table 1. The TPD profiles of the sulfated
samples, i.e., SiS 500 and TiS 500, are almost similar to those of the neat support materials,
suggesting that the acidity of the sulfated samples is very low. This result is in good
agreement with the elemental analysis result, which suggested that the concentration of the
sulfonic acid groups grafted on the oxide support is very low. In contrast, the phosphated
catalysts exhibited various new peaks corresponding to ammonia desorption, depending
on the type of support and the calcination temperature. In the case of silica, both SiP 300
and SiP 500 showed a broad and distinct desorption peak in the temperature range of
100-350 °C, with the peak maximum at 200 °C, indicating that the presence of H3PO4 on
the silica surface induces the formation of new acid sites with medium strength. The total
acid densities for SiP 300 and SiP 500 were 0.676 and 0.424 mmol/g, respectively. The acid
site density of SiP 500 is lower probably owing to the decomposition of H3POj at a higher
calcination temperature, and this observation is in good agreement with the 3!P NMR
analysis result. In the case of phosphated titania, TiP 300 shows an intense peak at 100 °C
and a very broad peak in the temperature range of 150-350 °C. Except for the intense
peak at 100 °C, the ammonia desorption profile was very similar to that of the neat TiO,
support, suggesting that the overall acidity of the TiO, support did not change remarkably
upon phosphation. In contrast, TiP 500 showed two intense peaks at 110 and 320 °C, with
intensities considerably higher than that of the TiO, support. This indicated that a higher
calcination temperature resulted in more effective phosphation of TiO,, thereby forming
new acid sites effectively. The total acid site density of TiP 500 was 0.934 mmol/g, which is
considerably higher than that of TiP 300 (0.432 mmol/g).
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©
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Figure 4. NH3-TPD data of (a) silica-based catalysts and (b) titania-based catalysts.
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Overall, the characterization studies indicated that phosphation of the metal oxide
surface was more successful than its sulfation under the employed conditions, resulting
in high density of the available acid sites. The concentration of the sulfonic acid groups
was almost negligible in SiO,, while some sulfonic acid groups could be detected on the
TiO, surface. In the case of phosphation, the phosphoric acid was mostly physically bound
to the silica surface and was trapped inside the micropores. This hypothesis is supported
by the large reduction in the micropore volume of the silica and the unchanged chemical
shift of H3POy after grafting onto the silica surface. In contrast, the phosphoric acid was
grafted more effectively to the TiO; surface, as evidenced by the various peaks appearing
downfield in the 3'P NMR spectrum. Especially, calcination of the phosphated titania at
500 °C significantly increased the overall acidity of the catalyst, presumably owing to the
higher dispersion of phosphoric acid.

2.2. Catalytic Performance

The activities of the well-characterized sulfated and phosphated catalysts were eval-
uated for the Diels—Alder reaction of DMF and ethylene. The reaction conditions were
as follows: temperature = 523 K, ethylene pressure = 30 bar, DMF = 11.1 wt. %, cata-
lyst weight = 300 &= 5 mg, and reaction time = 6 h. Figure 5 shows the conversion of
DMF and the product selectivity for the sulfated catalysts. The highest DMF conver-
sion (~40%) was achieved with TiS 300, whereas similar DMF conversions (~28%) were
achieved with the other three catalysts. This indicated that the sulfated catalysts exhib-
ited very similar activities regardless of the support type. However, distinct differences
were observed in the PX selectivity. The PX selectivity decreased in the following order:
TiS 300 > TiS 500 > SiS 300 > SiS 500; the sulfated silica had a significantly lower selectivity
to PX (<5%) than that of sulfated titania (10-18%). Overall, the PX selectivity trend corre-
lated well with the concentration of the sulfonic acid groups on the catalyst surface, i.e.,
the sulfur content measured using elemental analysis. Thus, the higher the sulfur content
of the catalyst, the higher the PX selectivity. These results indicated that the strong acid
sites were essential in producing PX from DMF via the Diels—Alder reaction with ethylene,
as reported previously [13]. This is because the cycloadduct formed after the Diels—Alder
reaction of DMF and ethylene undergoes dehydrative aromatization for conversion to
PX, and the dehydration of the cycloadduct requires strong acid sites such as Bridnsted
acid sites.

1909 1 SiS 300
= SiS 500

TiS 300
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TiS 500
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Figure 5. Conversion of DMF and selectivity of PX and HDO for the Diels—Alder reaction of DMF
and ethylene over sulfated catalysts. Reaction condition; temperature = 523 K, reaction time =6 h,
CyHy pressure = 30 bar, DMF = 11.1 wt. %, catalyst mass = 300 £ 5 mg.
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Figure 6 shows the conversion of DMF and the product selectivity over phosphated
catalysts under identical reaction conditions. Typically, the activities of the phosphated
catalysts were significantly higher than those of the sulfate catalysts. All the phosphated
catalysts, except TiP 300, exhibited very high DMF conversions (80-85%) and high PX
selectivity (60-70%). This high activity of the phosphated catalysts is perhaps linked to
the more effective grafting of phosphoric acid onto the metal oxide surface than sulfuric
acid under the employed conditions. The phosphated catalysts also showed enhanced
selectivity to HDO. HDO is produced via the hydrolysis of DMF over acid sites and
can be dehydrated back to DMEF. The facile formation of HDO over phosphated cat-
alysts supports their enhanced acidity more than that in the case of sulfate catalysts.
Among the phosphate catalysts, the PX selectivity decreased in the following order:
TiP 500 (71%) > SiP 500 (69%) > SiP 300 (61%) > TiP 300 (15%). The very low activ-
ity and PX selectivity of TiP 300, compared to those of the other phosphated catalysts, can
be attributed to its low acid site density, as measured using NH3-TPD. The overall acidity
of TiP 300 was similar to that of the neat TiO, sample, indicating that its acid character was
almost unaltered by phosphation. In contrast, the other phosphated catalysts exhibited
considerably enhanced acidity after phosphation, and this could be attributed to their high
acidity. Importantly, when the reactions for SiP 500 and TiP 500 were conducted during
12 h reaction time, the conversion was reached 100% and the PX selectivity increased
to ~80%, as shown in Figure S5.
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Figure 6. Conversion of DMF and selectivity of PX and HDO for the Diels—Alder reaction of DMF
and ethylene over phosphated catalysts. Reaction condition; temperature = 523 K, reaction time = 6 h,
CyHy pressure = 30 bar, DMF = 11.1 wt. %, catalyst mass = 300 £ 5 mg.

It should be noted that most of the phosphoric acid was physically bound to the silica
surface and thus could be easily leached into the solution during the reaction. Previous
studies suggest that the leached H3POy could act as a homogeneous acid catalyst in the
conversion of DMF to PX [18]. To check this possibility, we evaluated the catalytic effect
of H3POy on the reaction under identical reaction conditions. Indeed, H3PO4 was fairly
active for the conversion of DMF to PX, and a DMF conversion of ~72% and PX selectivity
of ~39% were achieved.
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Because H3PO; is leached from the phosphated catalysts during the reaction, the
stability and reusability of some selected catalysts, i.e., SiP 500 and TiP 500, were inves-
tigated (Figure 7). For this, the spent catalyst after the first reaction during 6 h reaction
time was collected using filtration and reused for the second reaction. For the reusability
test, the spent catalyst after the first reaction was calcined at 773 K for 4 h in flowing
air to remove coke and then reused for the second reaction. The activities of the fresh,
spent, and regenerated catalysts are shown in Figure 7. For both SiP 500 and TiP 500, the
catalytic activity decreased significantly after the first reaction, with DMF conversions
of ~20 and ~32% and PX selectivity of ~5 and ~28% for SiP 500 and TiP 500, respectively.
The extent of decrease in the catalytic activity was higher for SiP 500, possibly owing
to high phosphorus leaching induced by the significantly weaker binding of phosphate
onto the silica than onto titania. However, the decrease in the catalytic activity could
also result from the formation of heavy byproducts or owing to the coke deposited on
the catalyst surface, which blocks the catalytically active sites. Thus, an examination of
the catalytic activity of the spent-calcined catalyst could provide better information on
the degree of leaching. The results showed that the activity of the spent SiP 500 catalyst
was only partially recovered after calcination, with a DMF conversion of ~40% and PX
selectivity of ~10%. Thus, the degree of phosphorous leaching in SiP 500 was significant,
resulting in the irreversible deactivation of the catalyst. In contrast, the spent TiP 500
catalysts regained 80% of their original activity after calcination, with a DMF conversion
of ~58% and PX selectivity of ~58%. Thus, TiP 500 is more resistant to leaching, and this
is consistent with the 3P NMR analysis result, which suggests that phosphorous is more
effectively grafted onto the TiO, support than onto the SiO, support.

100 -
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F-SiP S-SiP SC-SiP F-TiP S-TiP SC-TiP

Figure 7. Conversion of DMF and selectivity of PX and HDO for the Diels—Alder reaction of DMF
and ethylene for stability test over phosphated catalysts at 773 K calcined. F: Fresh, S: Spent, SC:
Spent Calcined. Reaction condition; temperature = 523 K, reaction time = 6 h, CoHy pressure = 30 bar,
DMF = 11.1 wt. %, catalyst mass = 300 &+ 5 mg.

Overall, it can be concluded that the conversion of DMF and the selectivity to PX are
generally correlated to the total acid site density of the catalyst, which in turn depends
on the acid molecule-support interaction strength. Sulfation of metal oxides was less
successful than phosphation, and only a small amount of the sulfonic acid groups were
anchored on the metal oxide surface. The low acidity of the sulfonated catalysts generally
resulted in poor activity for PX production. In contrast, the phosphated catalysts had a
higher acid site density owing to the more effective coordination of the phosphoric acid,
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and this was responsible for the considerably higher activity of these catalysts for PX
production than the sulfate catalysts. Importantly, the leaching of phosphoric acid from the
catalysts occurred during the reaction, and the leached species could act as an acid catalyst
for PX production. Compared to the phosphated silica, the phosphated titania was found
to be far more resistant to leaching, as evident from its reusability after recalcination. It is
likely that the formation of denser Ti-P framework structures through advanced synthesis
techniques such as the sol-gel method could lead to enhanced activity and stability of the
TiP catalysts.

3. Experimental Section
3.1. Catalyst Preparation

Silica (Si0y), titania (TiO;), HySO4, H3PO4 were purchased from Sigma-Aldrich.
2,5-Dimethylfuran (DMF), 2,5-hexanedione (HDO), p-Xylene (PX), n-tridecane, n-dodecane
were obtained from Alfa Aesar (Seoul, Korea).

All catalysts were prepared via incipient wetness impregnation. For a typical synthesis,
1 g of 5iO, (or TiO,) was added to 6 mL of acetone, and mixed vigorously for 15 min.
0.2 mL of HySO4 (or H3PO,) solution mixed with 5 mL of acetone was then added to the
support material solution and stirred for 4 h at 303 K. The paste was dried in the oven at
373 K for 24 h. After drying, the obtained solid powder was washed several times with a
deionized water to remove the excess acid molecules, which do not adsorb on the surface,
and was dried at 373 K overnight [24]. Finally, the powder was calcined in flowing air at
573 K (or 773 K) for 6 h. The catalysts’ names were differentiated by the type of support and
calcination temperature (SiP 300, SiP 500, SiS 300, SiS 500, TiP 300, TiP 500, TiS 300, TiP 500).

3.2. Catalyst Characterization

The powder X-ray diffraction was carried out with X'Pert-MPD System (PHILIPS,
PANalytical Company, Almelo, The Netherlands) using Cu-Ko (A = 0.15406 nm) operated
at 40 kV and 30 mA in the 20 range 5-50° with the scanning rate of 0.013° s~! to determine
the crystallinity of catalysts.

The surface area and porosity of the catalysts were measured by nitrogen gas ad-
sorption/desorption. The catalysts were heated under vacuum at 573 K for 2 h. The
specific surface area (Sggr) and the total pore volume (Vi) of catalysts were calculated
by the BET equation. Moreover, the micropore volume (Vpicro) of catalysts was calculated
by the t-plot method.

Temperature-programmed desorption of ammonia (NH3-TPD) was carried out using
Micromeritics AutoChem II 2920 equipped with a thermal conductivity detector (Mi-
cromeritics Instrument Corporation, Norcross, GA, USA). The samples were pretreated in
air at 573 K for 2 h followed by the exposure to ammonia gas diluted with He at 323 K for
1 h. The samples were then heated to 973 K at a rate of 10 K min 1.

Solid state 3! P magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra
were obtained with a 500 MHz Bruker Avance III HD using 4 mm probes and 10 kHz
spinning speed (Bruker Corporation, Billerica, MA, USA). The 85% phosphoric acid was
used as the reference for the standard calibration.

The infrared spectra were obtained from Fourier transform-infrared spectroscopy
(FT-IR) using a Spectrum GX (PIKE Technologies, Madison, WI, USA). The detecting range
was from 500 to 4000 cm 1. Before measurements, the samples were mixed with KBr, and
then pressure was applied to prepare a form of pellet.

The elemental analysis was carried out using Elementar Vario macro/micro Elemental
analyzer (Elementar, Langenselbold, Hesse, Germany) to identify the amounts of sulfur
contained in the sulfated catalysts.

3.3. Catalytic Test Reaction

The Diels—-Alder reactions were performed in a 160 mL stainless-steel Parr reactor. For
a typical reaction, the reaction solution was initially prepared with the mixing ratio of DMF,
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n-dodecane, and n-tridecane to 11.1 wt. %: 86.7 wt. %: 2.2 wt. %. Next, 0.3 g of a catalyst
sample was mixed with the solution and then added to the reactor. After sealing the reactor,
a leak test was conducted by pressurizing the reactor with nitrogen gas to 60 bar at room
temperature. The pressure change was monitored for 1 h whether there was a leak or not.
Once the leak test was passed, the reactor was purged with nitrogen gas a couple of times
followed by pressurizing with ethylene to 30 bar for the reaction. The reactor temperature
was then rapidly raised to 523 K using the combined use of a thermocartridge heater and
an electric furnace while stirring the reaction solution at 300 rpm by an impeller. All of
the reactions were performed for 6 h. After the reactions were completed, the product
liquid was collected by syringe, filtered with a syringe filter, and analyzed by Agilent 7890
GC equipped with a flame ionization detector and HP-5 column (Agilent Technologies,
Santa Clara, CA, USA).

For the stability and reusability test, the spent catalysts were collected and calcined
in air at 773 K for 4 h at a rate of 3 K min~!. The spent catalysts without calcination and
with calcination were tested for the reactions under the identical reaction condition to the
fresh catalysts.

4. Conclusions

In conclusion, the activities of sulfated and phosphated catalysts for the Diels—Alder
cycloaddition of biomass-derived 2,5-dimethylfuran (DMF) and ethylene to p-Xylene (PX)
were comprehensively investigated for the first time. The results revealed that the sulfation
of metal oxides was less successful than phosphation, resulting in a very low amount
of sulfonic acid groups on the catalyst surface. The sulfated catalysts had a very low
acid site density and low activity for PX production. In contrast, the phosphoric acid
grafted onto the metal oxides could be clearly detected in the 3'P NMR spectra of the
phosphated catalysts. The overall acidities of the phosphated catalysts calcined at 500 °C
(i.e., SiP 500 and TiP 500) were also significantly higher than those of the neat supports.
Both the catalysts showed a high DMF conversion exceeding 80% and a remarkable PX
selectivity of ~70%. However, SiP 500 experienced severe leaching of H3PO,4 during the
reaction due to the weak interaction of phosphoric acid with silica. The reusability test
confirmed that the SiP 500 catalysts underwent irreversible deactivation due to leaching. In
contrast, TiP 500 was more resistant to leaching and recovered 80% of its original activity
after the reaction-regeneration cycle. This enhanced resistance to leaching is attributed to
the more effective coordination between phosphate and TiO,, as evidenced from the 3!P
NMR analysis. Overall, our results suggest that titanium phosphate is a potential catalyst
for the Diels—Alder reaction of DMF and ethylene to form PX if the formation of denser
Ti-P framework structures is achieved using advanced synthetic techniques such as the
sol-gel method. In addition, our results reinforce the findings of previous studies, which
suggest that weak acids, such as phosphoric acid, are sufficient to catalyze the Diels-Alder
cycloaddition of DMF to form PX.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ catal11091074 /51, Figure S1: N, adsorption/desorption isotherms silica-based catalysts.,
Figure S2: N, adsorption/desorption isotherms titania-based catalysts., Figure S3: FT-IR spectra of
sulfate silica catalysts., Figure S4: FI-IR spectra of sulfate titania catalysts, Figure S5: Conversion
of DMF and selectivity of PX and HDO for the Diels-Alder reaction of DMF and ethylene over
phosphated catalysts at calcined 773 K for 12 h.
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